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(57) Abstract: A vibration phasor monitoring system for real time determination of a vibration phasor magnitude and angle includ- 
ing a quadrature detector, implemented in software or hardware, whose reference phasors are locked in phase, via hardware, to a 
physical reference point on a rotating shaft. A vibration transducer and a transducer that senses a complete revolution of the shaft 
are disposed around the shaft. The transducers may be axiaily separated along the shaft. A clocking arrangement is implemented to 
determine the shaft angle at the time an output of the vibration transducer is read. Thereafter, the sine and cosine of the determined 
shaft angle are obtained and are used to multiply the vibration transducer output reading thereby resulting in respective projections 
of the vibration phasor on the sine and cosine reference phasors. These porjections are then manupulated to obtain the vibration 
phasor angle and magm rude. Harmonic analysis is easily implemented by multiplying the generated shaft angle. 
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effective, that the magnitude and angle of the vibration phasor be determined 
continuously in real time. 

In General Electric ' s prior art rotating member vibration phasor monitoring 
methods, vibration phasor magnitude and angle are determined by post-processing via 
Fourier analysis of an array of readings obtained from a displacement transducer. 
However, the delay caused by the accumulation of the readings and data transfer from 
the input and output (I/O) card to, for example, apersonal computer-based human 
machine interface for subsequent processing results in magnitude and angle updates 
too slow for protection from or control of rapid vibration changes and thus this 
method is suitable, at best, only for trending to monitor component wear. A system 
based on Fourier analysis is in use in, for example, General Electric' s Speedtronic 
Mark V turbine controller. 

Another vibration monitoring technique is described in U.S. Patent 3,220,247 
to Goodman, which is directed to detecting vibration in marine propulsion equipment. 
In Goodman, sine and cosine generators are provided which generate reference 
signals with reference periods which are the same as the periods of an unbalance 
signal. The unbalance signals and reference signals are coupled to multipliers and the 
resulting products are passed through filtering circuits to obtain average or mean 
values. In Goodman, a physical connection of a tachometer-generator to a rotating 
shaft is necessary. Such a connection, however, may be complicated and therefore 
costly. Furthermore, the tachometer-generator is subject to mechanical wear and 
might require that the machinery being monitored be shut down in the case of its 
failure, even though the machinery itself is experiencing no malfunction. Such 
unnecessary shutdowns can be extremely expensive for power plant operators and 
others. Further still, the 90 degree quadrature relationship of the sine and cosine 
references from the tachometer-generator is critical to the accuracy of any 
calculations. Unfortunately the 90 degree relationship relies on manufacturing 
tolerances in placing the respective windings of the tachometer-generator at 90 
degrees from each other. Also, Goodman's device does not supply the vibration 
phasor angle in a form usable for automatic protection or control. The data is only 
available for display via an oscilloscope. Even the displayed data provides only a 
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SUMMARY OF THE PREFERRED EMBODIMENTS 

Therefore, it is intended to provide, by the apparatus .and method described 
herein, in real time a vibration phasor magnitude and angle with respect to a reference 
point on a rotating member, preferably a shaft of a rotating machine such as a prime 
mover of an electrical generator, e.g., a gas or steanr turbine. Producing such 
parameters of vibration with accuracy provides the advantage of applying beneficial 
protection to machinery that may experience structural failure or component wear. 
For instance, such machinery may be "tripped" or halted in a timely fashion, thereby 
avoiding damage or. additional damage. Alternatively , .the parameters of vibration 
may be used by a controller system to move the operating point or the machine in 
such a fashion as to reduce vibration to a rated level. The preferred embodiment 
effectively provides the vibration parameters in real time via a simple, cost effective, 
robust and flexible design. 

More particularly, a quadrature detector, implemented in software or 
hardware, whose reference phasors are locked in phase, via hardware, to a physical 
reference point on a rotating shaft is used for real time determination of a vibration 
phasor magnitude and angle. A displacement transducer sensing vibration and a 
displacement transducer that senses a complete revolution of the shaft are disposed 
around a shaft. The transducers may also be axially and/or circumferentially 
separated along the shaft. A clocking arrangement is implemented to determine the 
shaft angle at the time an output of the vibration transducer is read. 

Thereafter, the sine and cosine of the determined shaft angle are obtained and 
are used to multiply the vibration transducer output reading thereby resulting in 
respective projections of the vibration phasor on the unity amplitude sine and cosine 
reference phasors. These projections are then manipulated to obtain the vibration 
phasor angle and magnitude. 

Thus, for each single reading of the vibration transducer the invention will 
yield both a new vibration phasor magnitude and new angle resulting in a true real- 
time measurement of vibration in a rotating member. 
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for measuring vibration. Transducer 18 may be placed axially anywhere along shaft 
10 where it is desired to determine a vibration phasor 12. Fig. 5 illustrates a typical 
voltage signal 500 output from- transducer 18 when a vibration, i.e., displacement, is 
sensed by the transducer 18. As can be understood by inspecting Figs. 4A, 4B and 5, 

5 transducers 16, 18 each produce an output voltage proportional to the distance 
between the transducer face and the rotating shaft 10. The D.C. component of these 
voltages is proportional to the distance between the transducer with the shaft 10 at rest 
(assuming negligible shaft run out). This distance is sometimes referred to as the gap 
or air gap between the transducer 16 or 18 and shaft 10. The dynamic or A.C. 

10 component of the voltage signals 400, 405 or 500 shown in Figs. 4A, 4B and 5, 
respectively, is proportional to the increasing or decreasing distance due to vibration 
s or, in the case of the key transducer 16, the passing of the key 14. It is noted that the 
angular relationship between transducers 16, 18 is not critical and can be set as 
desired as this relationship does not affect properly calculating the angle of the 

15 vibration phasor. 

As shown in Fig. 1, signal conditioning circuitry is preferably provided to 
process the voltage signal 400 or 405 that is output from transducer 16. Specifically, 
it is, in accordance with the preferred embodiment, desired to create a logic signal 26 
momentarily TRUE when the key 14 passes transducer 16, and FALSE otherwise. 

20 This is accomplished with a voltage comparator 20 and edge detector 22 combination, 
preferably with hysteresis, that compares the output of transducer 16 against a 
predetermined level 30 which defines the threshold for a key passing event. The 
predetermined comparison level 30 is preferably set via software (although it could be 
hard wired), communicated via bus 28 and is converted to an analog signal in D/A 

25 converter 24. The output of comparator/edge detector 20, 22 combination, preferably 
triggered on the falling edge of signals 400 or 405, produces logic signal 26 indicating 
"key at 0 degrees" when TRUE . ? r . ^ . s fa ^/yf 

I Fig. 2 depicts a field programmable gate array 40 that provides much of the 

remaining signal conditioning functionality according to the preferred embodiment. 
30 Of course, it will be understood by those of ordinary skill in the art that the functions 
carried out by the field programmable gate array (FPGA) 40 may be carried out with 
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C. r feOTte entirely in s „^„ r somecomtationthereoCdep n 
. implementation circumstances. InFPGA-40 an oscillator 42 is used to feed a counter 
44. Toe frequency of th=-oscillator 42 and toe bi, width of counter44 are ehosen in 
_ v,ew of fte accuracy .owhieh vibration phasor magnitude and angnlar measurement 
are destred. For examp.e, in the preferred embodiment, a 6.25 megahertz oscillator 
42 ,s tmplemented to feed a 24 bi, counter-44 foruse in an electrical power generating 
turbme spinning up to 1 8,000 rpm, or at a 300 Hz shaft speed. However, as noted 
any clock or oscillator speed and counter size may be chosen depending on the 
particuta application The contents of counter 44 is, upon receipt of either of two 
mdependen, enabling signals 26 ("key „ 0 degrees" iogic signal) or 34, transferred 
vta transfer blocks 46, 48 to one or me other of two latch registers 50, 52. 

More specifically, the transfer of the count in counter 44 to latch register 50 
preferably .is enabled when signal 26 is TRUE, i.e., a key phasor interrupt signal 
occurs. Additionally, once me transfer to latch register 50 has been competed 
counter 44 is reset to zero. This reset avoids having to compute a delta count and/or 
havmg to compensate for counter rollover. Thus, latch register 50 contains the 
number of 6.25 MHz pulses that the oscillator 42 has produced during the rime that 
has elapsed between successive occurences of the key 14 passing transducer 16 
Accordingly, the corn,, in ,atch reBisttr s0 reprcscnts . ^ mBmaM rf 
successrvc key passings of transducer 16 in terms of 6.25 MHz ricks. 

The transfer of file count of counter 44 to latc h register 52 is preferably 
enabled m response to a read request line 34 that is also connected to A/D converter 
62 associated with the output 32 of transducer 18 . Operafion of read request line 34 is 
preferably controlled by a microprocessor (no, shown), which initiates in a periodic 
manner a reading a, a preferred frequency of !322.75 Hz of the output of transducer 
18. The drgifized read value is shown as 64 in Figs. 2 and 3. No resetting of the 
counter 44 occurs a, fire time of transfer to latch register 52. Latch register 52 
therefore contains the number of 6.25 MHz pulses or ricks fits, the oscillator 42 has 
produced from the time of tire las. key phasor resel occurrence, i.e., "key a, 0 
degrees" logic stgn.1 26, until the reading of A/D converter 62 occurs. Note that 
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block 60 in "Fig. 2 removes the D.C. component of the vibration measurement, i.e., 
any offset caused by the gap. 

The significance of the latch registers 50, 52 lies in the ratio of the contents 58 
of latch register 52 divided by the contents 54 of latch register 50. This ratio, as 
shown in Fig. 3, is determined via divider or ratio block 70 at the time of processing 
the vibration reading 64. The ratio or value output from block 70 represents the 
fractional part of complete a shaft revolution relative to the key phasor that occurred 
at the instant the vibration reading takes place. This fractional part of a revolution is 
multiplied by 360 degrees in multiplier 72 and becomes the shaft angle from 
transducer 16 (0 degrees) at the time of reading the output of transducer 18, which 
reading is shown as 64 in the drawings. The shaft angle obtained from multiplier 72 
is also shown graphically in Fig. 6 as element 113, which is also, as explained below, 
the angle of one of a quadrature pair of unity phasors phase locked to the key 14. 

Fig. 3 further.shows the implementation of a phase locked quadrature detector 
in accordance with the preferred embodiment and Fig. 6 illustrates graphically a 
possible relationship of the vibration phasor to the quadrature pair of unity reference 
phasors. The angle output from multiplier 72 is used to establish a quadrature pair of 
unity phasors. A unity cosine reference phasor 110 obtained via cosine block 74 
represents a phasor in phase with the slot or key 14. A unity sine reference phasor 
112 obtained via block 76 represents a phasor lagging the key phasor by 90 degrees. 
By 90 degrees lagging, it is meant that this phasor is 90 degrees backward from the 
milled slot or milled pedestal serving as key 14 in terms of the direction of shaft 
rotation. 

Using the unity reference phasors thus obtained, quadrature detection on the 
reading of the vibration phasor 1 14 whose instantaneous magnitude at the time of 
sampling is measured via A/D converter 62 is performed. That is, in accordance with 
the preferred embodiment, signal 64 is multiplied by each of the unity reference 
phasors. Each of these multiplications results in a composite signal. An "A.C." 
portion of the composite is a sinusoid at twice the frequency of the shaft. A "D.C." 
portion of the composite signal is half the projection of the vibration phasor upon the 
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unity reference -phasor it was multiplied by. A mathematical analysis of phasor 
multiplications is set forth below. 

To extract just the projections, a low pass filter 84 or 86 is applied to each of 
products output by multipliers 78, 80. The .filters' cutoff frequency and order are 
chosen to provide the desired response for the magnitude and angle determination 
while minimizing any ripple in these outputs. For example, in a preferred 
implementation, sixth order low pass filters with a cutoff frequency of 0.25 Hz are 
used. This filtering results in essentially having resolved the vibration phasor into its 
projections onto the two unity quadrature phasors 110, 112, one of which (phasor 
110) is in phase with the milled slot or key 14. The projection magnitudes are half of 
what they should be (see the mathematical analysis), but this is dealt with as 
explained below. 

Thus, to determine magnitude and angle of the vibration phasor 1 14, the 
remaining functionality shown in Fig. 3 is implemented. Specifically, the outputs of 
low pass filters 84, 86 are squared in squaring blocks 88, 90 and added together in 
summing block 92. The square root of the resulting sum obtained via square root 
function 94 is half the magnitude of the vibration phasor 1 14 and is therefore 
multiplied by 2 in multiplier block 96. The angle between the vibration phasor 1 14 
and the cosine reference phasor is the same as the angle between the vibration phasor 
1 14 and the milled slot or key 14. To obtain this angle, the arccosine of half the 
vibration phasor's projection on the unity cosine reference phasor 1 10 divided by half 
the magnitude of the vibration phasor 1 14 is determined via blocks 100 and 102. The 
quantity one half the vibration phasor's projection on the unity cosine reference 
phasor is available from the output of the low pass filter 84, for example, and the 
quantity one half the vibration phasor magnitude is available from the square root of 
the sum of the squares of the low pass filter outputs, i.e., the output of square root 
function block 94. Accordingly, both the vibration phasor magnitude 98 and vibration 
phasor angle 104 are available in real time. As such, the magnitude and/or angle of 
the vibration phasor can be compared to threshold values, which, if exceeded, can be 
used to initiate the tripping or halting of the rotating machinery thereby avoiding 
damage or additional damage from occurring. 
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In order to study harmonics of shaft vibration multiplier 120 is provided 
between the output of multiplier 72 and cosine and sine blocks 74, 76. To analyze the 
fundamental frequency of vibration, the input to multiplier 120 is set to 1. On the 
other hand, analysis of the harmonic components of any vibration can be studied by 
inputting a 2 or higher value into multiplier 120. Thus, by simply changing the 
multiplier value input to multiplier 120 harmonic analysis .can be effected. 

Further, the vibration phasor magnitude 98 .and vibration phasor angle 104 are 
preferably input to a control block 130 that monitors the magnitude and angle and 
responds in a desired fashion if either or both of these values are deemed to be outside 
of acceptable limits or beyond a rated value. In response to such conditions, control 
block 130 can initiate equipment speed control and/or shutdown, for example. 
Control block 130 preferably also includes readouts 132a, 132b for the vibration 
phasor magnitude and angle. 

The following analysis provides a mathematical basis for the circuitry and 
method in accordance with the preferred embodiment. 

MATHEMATICAL ANALYSIS 

Multiplication of the vibration phasor by either reference phasor is governed 
by the following equation. 

[ Avib SIN (C0 vib t + Cpvib) ] [ A re f SIN (C0 rc f t + Cp rcf ) ] - 

[ (Avib A rcf / 2 ) COS ((CDvib t + Cpvib) - (COref t +9ref)) ] - 

[ (A v i b A ref / 2 ) COS ((covib t + cpvib) + (co rer t +<p ref )) ] (Eq. 1) 

For the two phasors at the same frequency, i.e. co = co vi b = co rc f then equation 1 
becomes: 
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From this it is observed there is a D.C. term i e the fir* K u 

term, i.e. the second bracket The D C terT" " * "» ^ 

at the same frequency If eou^ V ' ^ ^ ^ ^ P haS0rs « 

^uency. If equation 2 is passed through a low oass filw t 
A.C. component while passine the n r to remove the 

follows: - g • C ° mPOnent ' 6qUation 2 ™« simplify as 

Filtered {[ A vib SIN («* t + cp vib) j [ Aref SIN ^ , + ^ ]} = 

[ (A vib ) COS (cpvib- cp ref )] , ( Eq . 3 ) 



Ifthe Terence phasor is chosen to be a unity phasor ieA 

simplifies to: Vp ^ or > ^ ^ 1, equahon 3 further 



Altered {[ A vib SIN (co vib t + cp vib ) ] [ Aref SIN ^ , + ^ J} = 

r(Av ib /2)COS(( Pvib . ( p ref)] (Eq4) 

It is now helpful to refer to Fig. 6. 
By definition 

COS (<p vib .cp ref ) s ( adjacent / hypotenuse ) = 

(projection of A vib onto A ref )/ Avil 



vib 



(Eq. 5) 
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Solving equation 5 for the term (projection of A V ib onto A re f) yields 

(projection of A V ib onto A re f) — Ayib COS(cp V ib.cp ref ) (Eq.6) 

Comparing equation 6 to equation 4, it is apparent that: 

Filtered {[ A vib £IN (co V ib t + q>vib) ] [ A ref SIN (co ref t + (p ref ) ]} = 

(projection of A V ibOnto A rcf ) 12 (Eq. 7) 

In other words the filter output is one half the projection of the vibration phasor onto 
the reference phasor. 

Thus, in accordance with the preferred embodiment, a real-time vibration 
phasor monitoring system is provided that quickly and accurately measures both the 
magnitude and angle of a vibration phasor of a rotating member. 

While the foregoing description includes numerous details and specifics, it is 
to be understood that these are provided for purposes of explanation only, and are not 
intended to limit the scope of the invention. Those of ordinary skill in the art will 
easily be able to make numerous modifications to the exemplary embodiments 
described above without departing from the scope of the invention, as defined by the 
following claims and their legal equivalents. 



12 



WO 01/14835 

x p CT/USOO/23042 
WHAT IS CLAIMED IS: 

L A meth0d °f monitoring a vibration phasor in * * 
compnsing the steps of: ln 3 rotat mg member, 

acquiring at a predetermined time a magnitude of a vibraf • 
member; S ot a Oration m said rotating 

acquiring at said predetermined time an anale of •„ 
wherein said angle ac quiring step ^ ° f Said ^ting member, 

generating a signal indicative of » * n 
member; * ^ TOtatlon of said rotating 



projections of said vibration 

vioranon phasor on a quadrature 



dividing said second count by said first count; 

determining respective 
o frefere „ce phasors phase ^ ^ s , d ~ ~ - 

filtering said projections through at least nn , i 

^ 31 ,east one low pass filter; 

calculating a quantity equal to the square root of th. 
projections; and ° f SUn * of ^ares of said 



13 



WO 01/14835 

3. The method of claim 1, wherein said counter is incremented by an 
oscillator. 

4. The method of claim 3, wherein said oscillator has a frequency of about 
6.25 MHz. 

5. The method of claim 1, further comprising blocking a D.C. component of 
said magnitude of vibration. 

6. The method of claim 1, further comprising A/D converting said magnitude 
of said vibration. 

7. The method of claim 1, further comprising comparing said signal to a 
predetermined threshold and generating a logic signal TRUE if said signal has a 
magnitude greater than said predetermined threshold. 

8. The method of claim 7, further comprising modifying said predetermined 
threshold. 

9. The method of claim 1, wherein said projections determining step 
comprises: 

calculating the sine and cosine values of said angle and multiplying same, 
respectively, by said magnitude of said vibration. 

10. The method of claim 1, further comprising the step of multiplying said 
angle by a predetermined number to obtain an analysis of a harmonic component of 
said vibration. 

1 1 . . A method for measuring a vibration phasor of a shaft of a rotating 
member, comprising the steps of: 

resetting a counter and initiating the incrementing of said counter in response 
to a signal indicative of a complete revolution of said shaft; 
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■ ^ storing a firs, count of said counter corresponding to the count present therein 
mimediately before said resetting step; 

7* n « * aP^tennincd toe a value indicative of amagnitude of vibration 
or said shaft; 

storing a second conn, of said counter corresponding ,o the count present 
therein at the instant of said predetermined time; 

dividing said second count by said firs, count and multipiying the resulting 
preduc, by 360 degrees to obtain a shaft angle corresponding «o S aid predetermined 
time; 

multiplying said value indicative of a magnitude of vibration of said shaft by 
sme and cosine components of said shaft angle thereby obtaining respective 
projections of said vibretion phasor on a quadrature pair of reference phasors phase 
locked with said rotating shaft; 

filtering each of said projections through respective low pass filters; 

calculating a quantity equal to the square root of the sum of the squares of said 
projections; and 

determining at least one of magnitude and angle of said vibration phasor by 
respectively, multiplying said quantity by 2 and obtaining the arccosine of a value 
equal to one of said projections divided by said quantity. 

12. The method of claim 11, further comprising incrementing said counter by 
an oscillator. 

13. The method of claim 12, wherein said oscillator has a frequency of about 
6.25 MHz, 

14. The method of claim 1 1, further comprising blocking a B.C. component 
of sa,d value indicative of a magnitude of vibration of said shaft. 
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15. The method of claim 11, further comprising A/D converting said value 
indicative of a magnitude of vibration of said shaft. 

16. The method of claim 11, further comprising comparing said signal to a 
predetermined threshold and generating a logic signal TRUE if said signal has .a 
magnitude greater than said predetermined threshold. 

17. The method of claim 16, "further comprising modifying said 
predetermined threshold. 

18. The methocTbf claim 11, wherein said -projections determining step 
comprises: 

calculating the sine and cosine values of said angle and multiplying same, 
respectively, by said magnitude of said vibration. 

19. The method of claim 11, further comprising multiplying said shaft angle 
by a value to effect harmonic analysis of said vibration phasor. 

20. An apparatus for measuring a vibration phasor in a rotating member, 
comprising: 

means for acquiring an instantaneous measurement of magnitude of a 
vibration in said rotating member; 

means for acquiring an angle of said rotating member at the time of said 
instantaneous measurement of magnitude of a vibration in said rotating member, said 
means for acquiring including means for generating a signal indicative of a full 
rotation of said rotating member, means for incrementing a counter until said signal is 
again generated upon a subsequent full revolution of said rotating member and storing 
a first count of said counter present therein in response to said signal, means for 
reading and storing a second count of said counter at a time of said instantaneous 
measurement of magnitude is effected, and means for dividing said second count by 
said first count; 
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means for determining respective projections of said vibration phasor on a 
quadrature pair of reference phasors phase locked with said angle of said rotating 
member; w ' 

means for low pass filtering said projections; 

means for calculating a quantity equal to the square root of the sum of the 
squares of said projections; and 

means for determining .at least one of magnitude and angle of said vibration 
phasor by, respectively, multiplying said quantity by .2 and obtaining the arccosine of 
a value equal to one of said projections divided by said quantity. 

21. The apparatus of claim .20, wherein said means for acquiring said 
magnitude comprises a vibration transducer. 

22. The apparatus of claim 20, further comprising an oscillator for 
incrementing said counter. 

23. The apparatus of claim 22, wherein said oscillator has a frequency of 
about 6.25 MHz. 

24. The apparatus of claim 20, further comprising means for blocking a 
D.C. component of said magnitude of vibration. 

25. The apparatus of claim 20, further comprising means for A/D converting 
said magnitude of said vibration. 

26. The apparatus of claim 22, further comprising means for comparing said 
signal to a predetermined threshold and generating a logic signal TRUE if said signal 
has a magnitude greater than said predetermined threshold. 

27. The apparatus of claim 26, further comprising means for modifying said 
predetermined threshold. 
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.28. The apparatus of claim 20, wherein said means for determining said 
projections comprises means for calculating sine and cosine values of said angle and 
means for multiplying said sine and cosine values, respectively, by said magnitude of 
said vibration. 

5 .29. The apparatus of claim 20, further comprising means for effecting 

harmonic analysis of said vibration phasor. 

30. An apparatus for measuring a vibration phasor in a rotating member of a 
machine, comprising: 

a vibration transducer disposed proximate said rotating member, said vibration 
10 transducer generating an instantaneous measurement of magnitude of a vibration in 
said rotating member upon receipt of a read request; 

a key transducer disposed proximate said rotating member, said key transducer 
generating a key signal upon sensing of a key associated with said rotating member; 

a counter being incremented between successive key signals and being reset in 
15 response to each key signal; 

a first register linked to said counter and storing a first count thereof present 
immediately before being reset; 

a second register linked to said counter and storing a second count thereof at 
the time of said read request; 

20 a divider connected to outputs of said first and second registers and generating 

a ratio of said second count to said first count; 

a first multiplier connected to said divider and multiplying said ratio by 360 
degrees to obtain an angle of said rotating member, at the time of said read request, 
and sine and cosine generating circuits connected to said first multiplier, said sine and 
25 cosine generating circuits generating a quadrature pair of phasors in phase with said 
vibration phasor; and 
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second and third multipliers connected, respectively, to outputs of said sine 
and cosine generating circuits and an output of said vibration transducer, said second 
and third multipliers outputting respective projections of said vibration phasor on said 
quadrature pair of phasors; 

first and second low pass filters respectively connected to outputs of said 
second and third multipliers; 

means, connected to said low pass filters, for calculating a quantity equal to 
the square root of the sum of the squares of said projections; and 

means, connected to at least said means for calculating a quantity, for 
determining at least one of magnitude and angle of said vibration phasor by, 
respectively, multiplying said quantity by 2 and obtaining the arccosine of a value 
equal to one of said projections divided by said quantity. 

31. The apparatus of claim 30, wherein an oscillator increments said 
counter. 

32. The apparatus of claim 31, wherein said oscillator has a frequency of 
about 6.25 MHz. 

33. The apparatus of claim 30, further comprising a D.C. blocking circuit 
connected to said vibration transducer. 

34. The apparatus of claim 30, wherein the said divider and multipliers are 
digitally implemented. 

35. The apparatus of claim 30, further comprising a comparator having said 
key signal and a threshold value as inputs, wherein an output of said comparator is 
TRUE if said output of said key transducer has a magnitude greater than said 
threshold value. 

36. The apparatus of claim 35, further comprising means for modifying said 
threshold value. 
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37. The apparatus of claim 30, further comprising a another multiplier 
connected between said first multiplier and said sine and cosine generating circuits. 

38. The apparatus of claim 30, further comprising a controller connected to 
said means for determining at least one of magnitude and angle of said vibration. 
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